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Polluted industrial sites, particularly brownfield lands, are a source of major problems all over 

Europe, thus the remediation of these areas is a matter of interest for economists, urban development 
officers, environmental protectionists, engineers and promoters of sustainable growth. 

Various definitions are given in the literature for “brownfield lands”. The term generally denotes 
heavily contaminated, degraded, desolate locations, the utilization of which is hampered by adverse 
environmental factors (e.g. the presence of hazardous substances, obsolete industrial or commercial 
facilities etc.). Based on these criteria, a number of contaminated sites can be identified as 
brownfields in Hungary. 

One of the viable solutions of remediating disused lands with metal-contaminated soil – that is a 
subclass of brownfield lands – is the in-situ planting of wooden species capable of metal uptake. This 
type of cleanup technique is called phytoextraction and is considered a simple, feasible and 
environmentally effective method to restore extensive areas at the outskirts of industrial settlements. 
When phytoextraction is applied, an additional benefit to site recovery is the potential energy use of 
the harvested plants. In this way, even the share of renewables (biomass) in the domestic energy mix 
can be increased. However, the energy utilization of biomass from plant-based remediation raises hot 
issues of environmental safety. The most important question is whether the solid combustion residues 
of this type of such fuel still contain hazardous heavy metals. In order to qualitatively assess the 
environmental risk of the combustion wastes, we performed scanning electron microscopy analysis on 
ash and fly ash samples by using an AMRAY 1830 I type SEM instrument and with DX4 EDAX 
EDS type microprobe. 

The results show that the heavy metal content of the combusted fuel is detectable both in the ash 
and in the fly ash carried by the flue gas. This sets certain ecological constraints to the applicability of 
the technology. In other words, the sustainable reuse of heavy metal contaminated brownfield lands 
via the plantation of energy crops seems to be a plausible yet limited option, where the (technical) 
conditions for the safe combustion of the respective biomass need further specification. 
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1. Introduction 
 

So far no systematic database on the exact size and number of inland brownfields has 
been compiled by Hungarian authorities. Some estimates and surveys are, nonetheless, 
available. A total area of 3520 hectares is reported in a nation-wide record [1], while 
another survey keeps record of 240 contaminated sites from three Eastern-Hungarian 
regions, with a total area of 4500 hectares [2]. Recently, Váti Ltd. has made an estimate of 
12000 hectares of brownfield lands in Hungary. The apparent mismatch of these figures  
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derives partly from the lack of proper reporting regulations. Data are provided on a 
voluntary base, thus, many proprietors feel encouraged to evade site restoration liabilities 
by giving scanty or defective information on the actual state of their lands (concerning 
environmental risks). Therefore, the actual size of abused land is presumably far above the 
estimated level.  

The problem of sustainably reusing heavy metal contaminated brownfields left behind 
by general industrial restructuring is still unsolved in Hungary. Under given conditions, the 
plantation and controlled combustion of energy crops would mean a feasible response. 

 

1.1. The accumulative potential of plants – phytoremediation 
 

The effect of heavy metals on soil and crops 
 

The list and definition of heavy metals is neither uniform, nor standard. Due to the 
diversity of contexts, the International Union of Pure and Applied Chemistry (IUPAC) 
labelled the category as “meaningless and misleading” [3]. Nevertheless, the term heavy 
metals is still widely used in the literature. 

Based on general consensus, Zn, Cu, Co, Cr, Ni, Cd, Hg, Pb [4] are considered to be the 
most important heavy metals; some of them (e.g. Zn, Cu) are essential nutrients, others are 
harmful to living organisms, even at very low concentrations [5–6]. 

Whether the concentration of trace elements in a given ecological environment should 
be regarded as “natural” or “toxic” depends partly on the given plant culture. In any case, 
metal bioavailability is a necessary precondition for the vegetal growth and development of 
plants, thus also vital for the crops grown on contaminated lands. 

Toxic metals are partly extracted from contaminated soil by plants [7]. The uptake 
capacity of a plant largely depends on the biological characteristics of the given species [8–
10]. Certain “hyperaccumulators” are capable of absorbing and storing high levels of heavy 
metals without any apparent sign of toxicity, nevertheless, the biologicalmechanism of 
phytoextraction is not free of environmental risks [5–6]. 

 

Remediation/clean up technologies 
 

Depending on the actual situation, several cleanup technologies are available for 
remediation – the most suitable method is always selected and applied with respect to site-
specific properties. We can differentiate between in situ and ex situ methods, implying on-
site removal or off-site disposal processes. 

In situ recovery includes bioventing, phytoremediation, soil washing and soil 
ventilation. These techniques require good soil permeability and a uniform distribution of 
the pollusive substance. 

Ex situ methods include composting, separation, incineration/combustion, thermal 
desorption and pyrolysis. These processes are less sensitive to soil permeability and to 
inhomogeneity or uneven metal distributions. Extensivity and high costs, however, mean a 
great drawback to application. 

Whenever organic or inorganic pollutants are removed, converted or consolidated by 
ways of phytoremediation, it is essential that the metal-accumulating plants in no way could 
become part of the food chain. Each cleanup technology has a double function: the damage 
control and the sustainable reutilization of the deteriorated lands. 
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There are different forms of phytoremediation, among them phytoextraction, 

phytostabilization, phytodegradation and rhizofiltration. Phytoextraction is a subprocess of 
phytoremediation in which plants capable of accumulating hazardous elements, are used to 
remove inorganic contaminants, particularly heavy metals, from soil and water [7], [11]. 
The heavy metals are extracted by the plant, and concentrated in the roots or sequestered in 
the above-ground plant parts (twigs, sprouts). At maturity, the metal-enriched biomass is 
harvested. 

Some examples of phytoremediation are given in Table 1.  
Table 1 

. In situ remediation of heavy metal contaminated sites in the US [11]   Meers, E.–Ruttens, A.–
Hopgood, M. J.–Samson, D.–Tack, F. M. G.: Comparison of EDTA and EDDS as potential soil 

amendments for enhanced phytoextraction of heavy metals. Chemosphere, 58 (2005) 1011–1022. 

[12] 
 

Site and responsible organization 
Applied 

Technology 
Contaminants 

Dearing, Kansas, 1998 Phytoremediation Pb, Zn, Cd 
Trenton, New Jersey Site, 1998 Phytoremediation Heavy metals 
Radford Army Ammunition Plant, Virginia, 
1997 

Phytoremediation Heavy metals 

 
All the listed research organizations conduct scientific investigation on soil 

contaminants, incl. heavy metals (Cd, As, Zn etc.). 
 

2. Laboratory experiments: methodology 
 

Subsequent to the componental analysis of the selected soil and wooden biomass 
samples, a series of combustion experiments were performed in a small-scale wood stove in 
order to obtain ash and fly ash samples from the respective biomass. Then the chemical 
composition of the solid burning residues was analysed. 
 

Soil and biomass chemical analysis 
 

The chemical composition of the soil and biomass samples was determined with ICP 
spectrometry, using a Varian 720 ES type Inductively Coupled Plasma-Optical Emission 
Spectrometer. 

The samples were prepared by digestion and dissolution in high purity concentrated 
nitric acid at 130 °C for 120 min, in a Teflon (PTFE) acid digestion bomb. After cooling, 
the solution was filled up to a final volume of 50 cm3. 

 

Combustion experiments 
 

The combustion experiments were performed in a closed-chamber wood stove. The 
equipment used – a so-called “Alicante” product by Fireplace Ltd. – was suitable for 
burning both wood and brown coal briquette. Three-phase airflow was provided by the 
double-row nozzle system inserted in the refractory chamber wall, with changing intensity 
rate adjusted to exhaust ventilation. Additional air supply – from either or both directions – 
was  controlled  through the  valves  at  the  upper and lower rim of the front door. Flue gas  
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exited through a rear flue outlet with injector tee connection. The sampling points were set 
along the length of the flue pipe directly connected to the stove. With respect to fluctuating 
soot levels (due to the periodic cycles of feed-in and burning), wet absorption method was 
used for the determination of solid particulate pollutants. The test procedure was designed 
to resemble the real combustion process, including fuel feeding. Consequently, two-stage 
sampling was applied, with phases of “smooth burning” and “soot formation”. 

 

The SEM analysis of solid burning residues (ash, fly ash) 
 

For the general analysis of ash composition, the DX4 EDAX EDS microprobe of an 
AMRAY 1830 I Scanning Electronmicroscope was used. The measurement results are 
presented below. Sample surface topography was identified on the basis of SEM 
micrographs, compositional data were calculated from the acquired spectra.  

 

3. Experimental results 
 

The Mátra region is long since notable for the mining of metal ores. The explorations in 
Gyöngyösoroszi in 1926 marked the beginning of large-scale industrial lead and zinc ore 
mining (from mines “Peter–Paul” and “Charles”), with mineral processing from 1950 on. 
The excavated ore had been crashed on site, then enriched through flotation process. 
Sphalerite (zinc sulphide) and galena (lead sulphide) were separated in powdered form, 
then smelted abroad. Subsequent to the processing of the four main products – lead, copper 
lead, zinc and pyrite in high-purity powdered form – the refuse ore was transported to a 
flotation spoil bank through a pipeline system. 
  

3.1. Chemical analysis of the sampled wooden species 
 

Among the woody plants, the most frequently applied energy crops are fast growing, 
short rotation species, such as acacius, willow or to a lesser degree birch, alder, maple and 
elm. Relative to biomass yield and heavy metal content, acacius, poplar and birch were 
selected for sampling from the respective brownfield land. Oak and pine – two of the most 
widespread species typically present in Hungarian native forests, particularly in the 
specified region – were also chosen for analysis. 

 

The selected species are: False Acacia (Robinia pseudoacacia), Trembling Aspen 
(Populus tremula), Silver Birch (Betula pendula), Scots Pine (Pinus sylvestris), 
Pendunculate Oak (Quercus robur). 

Table 2 
 Heavy metal content of the tested specimen (quantitative results) 

 

Sample 
type 

Zn Cu Cd Pb Mn Cr Ni Co Fe 

mg/kg 

Birch 396 10.9 14.9 42.7 209 213 236 15.9 499 
Pine 61.2 10.9 8.9 < 10 117 310 278 23.7 665 

Acacia 76.8 11.0 11.0 12.0 22.9 45.9 59.0 12.0 857 
Oak 47.6 32.7 10.9 < 10 206 813 556 24.8 2346 

Poplar 274 16.0 19.0 < 10 58.0 191 94.9 19.1 673 
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In Table 2, excessive heavy metal contents (respective of each of the given elements) 

are indicated with blue for the tested species. The comparative results are summarized in 
Fig. 1. 

 

 

Figure 1. Heavy metal content of the tested woody samples 

The results show the actual heavy metal content of the tested biomass samples. Since 
the test pieces had been sampled from differently contaminated sites, these figures are not 
informative of the typical accumulative potential of the given species. 

 
3.2. Soil chemical analysis of the sampling site 

 
Soil samples were obtained from the defined target areas, and the heavy metal content 

of the samples was determined. The analysis results presented in Table 3 are representative 
of the status quo (current state) of the respective area. The data suggest that the pollusive 
metals are unevenly distributed along the sampling sites. 

 
Compliant with the existing legislation, the assessment and evaluation of site-specific 

soil contamination shall regard the total elemental composition of the target area. 
Accordingly, the results presented in Table 3 indicate the total heavy metal content of the 
tested soil samples – which does not correspond to the actual bioavailability of metals for 
remediation. 

 
By comparing the results of Table 3 with the limit values, it can be concluded that the 

soil sample 2 from site B is currently the least contaminated among the target areas. The 
tested soil samples reliably prove that the respective sites are seriously contaminated with 
heavy metals, thus, they should be identified as brownfields. 
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Table 3 

Total heavy metal content of the tested soil samples, and limit values for the disposal  
and discharge of metal and metalloid pollutants in geological media,  

mg/kg (dry matter) 
 

Total heavy metal 
content  

site A site B 
site C 

Limit 
value 1 2 1 2 

mg/kg  
Zn 495 640 2599 110 5028 200 
Cu 223 275 327 67 1113 75 
Cd 8 10 20 6 28 1 
Pb 1651 3542 752 24 9169 100 

Cr 87 94 101 88 66 75 

Ni 14 20 25 24 19 40 

Co 28 17 20 24 11 30 
Fe 45300 65800 29800 35700 72300 – 
Ba 687 657 365 477 405 250 

 

Annex 1 to Joint Decree No. 6/2009. (IV. 14.) KvVM-EüM-FVM of the Hungarian 
Government on limit values established for the protection of groundwater  

and the geological medium, 2009 
 

3.3. Heavy metals in the ash 
 

In the following section, the electronmicroscopic images of two ash samples are 
analysed. Fig. 2 shows the 100 µm resolution micrograph of ash obtained from the 
combustion of birch briquette. Compositional analysis was conducted at two 
salient/characteristic points of the respective sample. The highest value of heavy metal 
concentration was detected at point 1, where the sample contained 63.29% m/m of iron. 

 

 
 

Na Mg Al Si P Cl K Ca Mn Fe Cu Zn 
% m/m 

3.88 1.07 1.8 1.52 <DL 0.16 4.32 1.68 0.92 63.29 0.12 6.8 

Figure 2. SEM micrograph of the ash produced from the experimental combustion of 
birch briquette, with the spectrum and compositional data measured at point 1 
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Fig. 3 shows a 50 µm resolution micrograph of the ash produced from the combustion 

of poplar briquette containing 1.45% m/m of Zn. 
 

 
 

Na Mg Al Si P Cl K Ca Mn Fe Cu Zn 
% m/m 

0.56 4.85 0.5 0.36 1.89 0.2 14.0 35.12 0.76 0.83 0.47 1.45 

Figure 3. SEM micrograph of the ash produced from the experimental combustion of 
poplar briquette, with the measured spectrum and compositional data 

Table 5 summarizes the average composition of the ashes produced from the 
combustion experiments. The data are calculated from the analysis and evaluation of the 
SEM images and from the spectra acquired for the biomass samples. 

 

Table 5 
Elemental composition of the ash samples, based  
on the EDS analysis of the combusted biomass 

 

Sample 
Na Mg Al Si K Ca Mn Fe Cu Zn 

% m/m 
Birch column 8.97 2.98 0.61 0.94 12.80 18.7 2.10 0.42 0.46 11.8 
Pine column 0.33 2.42 2.17 0.78 17.73 31.2 1.52 0.70 0.81 1.06 

Acacius 
column 

0.36 1.37 0.54 0.37 13.28 32.1 0.53 17.2 0.54 0.61 

Oak 
column 

0.40 2.68 0.86 0.43 19.91 34.5 1.51 0.41 0.56 0.75 

Poplar 
column 

1.18 3.90 0.61 0.73 12.47 34.1 0.43 0.78 0.41 1.87 

Birch 
briquette 

2.03 2.72 1.71 1.16 10.92 21.6 1.34 17.9 0.26 4.49 

Pine briquette 0.91 2.94 2.23 2.11 12.15 20.7 2.57 12.1 0.37 1.08 
Acacius 
briquette 

0.43 2.77 0.64 0.76 16.42 33.7 0.45 0.83 0.52 0.98 

Oak briquette 0.51 2.66 0.55 1.09 9.10 28.2 1.79 6.81 0.60 0.98 
Poplar 

briquette 
0.82 5.45 0.35 0.28 17.46 29.7 0.76 0.57 0.57 7.99 
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Based on the results it can be concluded that the heavy metals accumulated in the 
biomass fuel are traceable in the ashes. The exact amounts can be determined from further 
chemical-compositional analyses. 
 

3.4. Heavy metals in the fly ash 
 

In the following section, the electronmicroscopic images of two fly ash samples are 
analysed. Fig. 4 shows the 100 µm resolution micrograph of a fly ash sample produced 
from the combustion of an oak column. Compositional analysis was conducted at three 
salient points of the respective sample. The highest value of heavy metal concentration was 
detected at point 2, where the sample contained 76.26% m/m of iron. 

 

 
Na Mg Al Si P Cl K Ca Mn Fe Cu Zn 

% m/m 
0.89 0.91 0.62 1.39 0.59 0.11 0.70 0.40 0.65 76.26 0.61 0.56 

 

Figure 4. SEM micrograph of the fly ash (particulate matter in the flue gas) sampled 
from the experimental combustion of an oak column, with the measured spectrum  

and compositional data at point 2 
 

 
Na Mg Al Si P Cl K Ca Mn Fe Cu Zn 

% m/m 
2.16 0.47 3.62 8.39 4.37 1.25 1.19 7.80 <DL 4.32 0.24 4.89 

 

Figure 5. SEM micrograph of the fly ash (particulate matter in the flue gas) sampled 
from the experimental combustion of a pine column, with the measured spectrum  

and compositional data 
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Fig. 5 shows a 50 µm resolution micrograph of solid residual particles in the flue gas 

sampled from the experimental combustion of a pine column. The sample contained 4.89% 
m/m of Zn and 23.45% of m/m Ba. 

 
Table 6 summarizes the average composition of the fly ash samples produced from the 

combustion experiments. The data are calculated from the analysis and evaluation of the 
SEM images and the spectra acquired. 

Table 6.  
Elemental composition of the fly ash samples, based  

on the SEM analysis of the combusted biomass 
 

Sample 
Na Mg Al Si K Ca Mn Fe Cu Zn 

% m/m 
Birch column 2.5 0.3 0.7 4.9 4.8 2.4 0.2 0.5 0.2 2.7 
Pine column 6.7 0.3 0.5 4.7 11.9 7.6 0.3 2.4 0.2 0.3 
Acacius 
column 

2.0 0.7 0.6 1.9 22.9 7.3 0.2 0.1 0.3 0.9 

Oak column 1.0 1.0 0.7 2.6 15.0 8.4 0.4 3.3 0.1 1.0 
Poplar 
column 

2.0 0.6 0.6 2.4 17.1 4.4 0.4 2.0 0.3 2.1 

Birch 
briquette 

4.6 0.7 0.3 2.9 25.9 5.0 0.2 1.2 0.4 0.7 

Pine briquette 4.0 0.7 0.6 6.7 10.1 4.8 0.1 2.3 0.4 2.2 
Acacius 
briquette 

1.5 0.6 0.4 2.0 6.9 4.0 0.3 1.9 0.4 0.3 

Oak briquette 1.4 1.3 0.8 5.3 12.3 15.3 0.8 0.7 0.7 1.8 
Poplar 
briquette 

2.4 0.6 0.8 3.5 14.1 3.7 0.3 2.3 0.4 2.5 

  
The results demonstrate the potential hazards of the flue gas produced from the 

combustion of the respective biomass. As it can be seen, considerable amounts of toxic 
metals (Cu, Fe, Mn, Zn) are adsorbed on the surface of the fly ash particles. An additional 
environmental risk is set by the stream released from the outlet pipe at a temperature of 
450–500 °C, since the steam-gas phase of the hot flue gas also contains metal compounds. 
The assessment of the expected impact needs further investigation. It seems to be certain, 
however, that any emissions from the combustion of heavy metal contaminated biomass are 
potentially subject to strict environmental control and regulation. The cooling of the 
released flue gas or the installation of a flue gas cleaning device/purging system would be 
recommended for safe operation. 

 
Conclusions 

 
The reutilization of various types of brownfields, including the sustainable reuse of 

heavy metal contaminated sites are recently coming into the focus of attention. It seems a 
viable option to grow energy crops on polluted soils, thereby accumulate high levels of the 
hazardous metals in plant tissues. 
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This paper presents the results of SEM analyses performed on the combustion residues 

of contaminated biomass samples. The figures are indicative of the heavy metal content of 
the respective samples, yet they do not provide exact quantitative data for the separate 
determination of each elemental component. For more detailed analysis, destructive 
measurements and chemical testing is required. 

It is essential to get a thorough knowledge of the composition of the burning residues, 
with special respect to the level and distribution of heavy metals. Due to the presence of 
toxic metals in the ashes and the flue gas of the combusted biomass, the treatment and 
disposal of such waste is a matter of environmental concern. 
 
Acknowledgements 

 
This research was carried out in the framework of the Center of Excellence of Sustainable Resource 
Management at the University of Miskolc. 
 
References 

 
[1]  KörnyezettudományiKözpont, Barnamezős Adatbázis, http://www.ktk-ces.hu/ barnamezo_ 

adatbazis.html 
[2]  Biofiom project, zárótanulmány. Bay Zoltán Alkalmazott Kutatási Közhasznú Nonprofit Kft. 
[3]  Duffus, John H.: „Heavy metals” a meaningless term? (IUPAC Technical Report) Pure Appl. 

Chem., 2002, Vol. 74, No. 5, pp. 793–807 doi:10.1351/pac200274050793 
[4]  Láng I. (2007): Környezetvédelmi lexikon. Akadémiai Kiadó, Budapest 2007. 
[5]  Xiangdong Li–Chi-sun Poon–Pui Sum Liu: Heavy metal contamination of urban soils and 

street dusts in Hong Kong. Applied Geochemistry, Volume 16, Issues 11–12, August–
September 2001, pp. 1361–1368. 

[6]  Hall, J. L.: Cellular mechanisms for heavy metal detoxification and tolerance. Journal of 
Experimental Botany, Volume53, Issue 366, pp. 1–11. 

[7]  Muhammad Nazmin Bin Yaapar–Intan Ndhirah Binti Masri–Nuradliza Binti Baharom–Yeow 
Jiing Shyi–Hanafi B Mohd Ali: Biology-Online.org. Article published on 23 June 2008.in 
http://www.biology-online.org/articles/phytoremediation-a-lecture/phytoextraction.html  
(20. 07. 2011) 

[8]  Lehoczky É.–Szabados I.–Marth, P.: Cd content of plants as affected by soil Cd concentra-
tion. Comm. in Soil Science and Plant Analysis. 27 (5–8) pp. 1765–1777. 

[9]  Lehoczky É.–Szabó L.–Horváth Sz.: Cadmium uptake by lettuce (Lactuca sativa L.) in 
different soils. Comm. in Soil Science and Plant Analysis, 29 (11–14) pp. 1903–1912. 

[10]  Lehoczky É.–Marth, P.–Szabados I.–Palkovics M.–Lukács P: Influence of soil factors on the 
accumulation of cadmium by lettuce. Commun. of Soil Sci. and Plant Anal. 31 (11–14) pp. 
2425–2431. 

[11]   Meers, E.–Ruttens, A.–Hopgood, M. J.–Samson, D.–Tack, F. M. G.: Comparison of EDTA 
and EDDS as potential soil amendments for enhanced phytoextraction of heavy metals. 
Chemosphere, 58 (2005) 1011–1022. 

[12]  FRTR Remediation Technologies Screening Matrix and Reference Guide http://www. frtr. 
gov/matrix2/top_page.html 


